Single-dot and multiple (2, 3, 18, and 37)-dot single electron transistors (SETs) based on the control of a two-dimensional electron gas (2DEG) with a recently proposed Schottky in-plane gate (IPG) and a newly introduced Schottky wrap gate (WPG) were successfully fabricated on AlGaAs/GaAs wafers using electron beam (EB) lithography and their transport properties were investigated.
Introduction
With the recent rapid progress of fabrication techniques for nanostructures, various new phenomena related to single electron transport through single-1) and multiple-quantum dots [2] [3] [4] [5] [6] [7] [8] have been identified and predicted. They are extremely interesting not only from the viewpoint of basic physics, but also from the engineering viewpoint of constructing next-generation electronics based on single-electron devices with new system architectures.
For the latter purpose, however, high-temperature operation of single-electron devices seems to be a requirement. Recently, great progress has been made towards room-temperature operation of Si-based single-electron transistors (SETs). 9,10) However, the GaAs-based SETs reported on so far operate mostly in the mK range, despite the fact that the first demonstration of the feasibility of semiconductor SETs was made using them. 11,12) This is primarily because of the split gate potential control used in GaAs-based SETs which produces a rather weak and gradual confinement potential with soft-wall potential boundaries. In contrast to this, the Si-SiO 2 interface used in Si SETs can produce large and sharp potential discontinuity.
To overcome this problem, we recently proposed and fabricated a novel GaAs SET based on Schottky in-plane-gate (IPG) control of a two-dimensional electron gas (2DEG). 13) In this structure, electric fields are perpendicular to the 2DEG edge and realize stronger confinement than the split gate geometry. The fabricated SET showed Coulomb blockade (CB) oscillation up to 20 K. 13) The purpose of this paper is to fabricate and characterize single-dot and multiple-dot SETs based on control of a 2DEG with novel Schottky gate geometries. The previously proposed Schottky IPG and newly introduced Schottky wrap-gate (WPG) geometries were used to realize 1, 2, 3, 18 and 37-dot SETs by electron beam (EB) lithography on AlGaAs/GaAs wafers.
All the devices showed CB-like conductance oscillation with the gate voltage. In single-dot SETs, strong correlation was found between the device dimensions and the temperature limit of the conductance oscillation. The conductance oscillation characteristics of the multiple-dot SETs were complicated.
They could not be explained by the classical CB theory. Based on a simplified theoretical analysis using computer simulation, it was shown that energy quantization due to electron confinement and dot-coupling could dominate the charging effect in the fabricated SETs.
Sample Structure and Fabrication Process

Basic structure and operation principle
The basic structures and principles for single-and multiple-dot SETs utilizing Schottky in-plane-gate (IPG) and wrap-gate (WPG) geometries are schematically shown in Figs. 1(a)-1(f). Figure 1(a) shows a cross section of the Schottky IPG structure recently proposed by our group. 14) Schottky IPGs form direct contact with the edge of the 2DEG and can control the electric field perpendicular to the edge of the 2DEG plane. Then, they produce strong and efficient confinement of electrons. The quantum wire realized by the Schottky IPGs showed quantized conductance up to 100 K, which is higher than the maximum temperature at which quantized conductance occurs in split-gate structures. 14-17) The Schottky WPG structure in Fig. 1(b) is also possible and may be more useful in some applications of SETs.
Various types of SETs utilizing the Schottky IPGs and WPGs studied in this paper are shown in Figs. 1(c)-1(f) . In these structures, dot sizes and tunneling barriers are voltage-tunable, allowing various conventional operations as well as "turnstile" operations. Figure 1(c) shows a single-dot IPG SET having two finger gates and one main gate. In this structure, tunnel barrier and dot size can be controlled by the finger gates and the main gate, respectively. 
Device fabrication process
In this study, the single-and double-dot IPG SETs and 3, 18 and 37 multiple-dot WPG SETs shown in Figs. 1 were fabricated. The device fabrication process is shown in Fig. 2 . First, the Al 0.3 Ga 0.7 As/GaAs double-heterostructure in Fig. 2(a) was grown by standard MBE growth technique at a substrate temperature of 600°C. The thicknesses of the undoped-AlGaAs barrier layer and spacer were 50 nm and 10 nm, respectively. A Si δ-doping layer was inserted between these two layers. The GaAs quantum well thickness was 20 nm and the lower AlGaAs barrier thickness was 50 nm. On this structure, the SiO 2 passivation layer was formed using a photo-CVD technique. After the formation of the basic structure, 2DEG bar and source and drain pad regions were formed by EB lithography and wet chemical etching, as shown in Fig. 2(b) . Then, Au/Ge/Ni ohmic contacts were formed. Finally, Schottky IPG or WPG electrodes at 130~600 nm intervals were defined by EB lithography, and formed either by Pt plating using the in-situ electrochemical process for the IPG structures in Fig. 2(c) 18) or by a conventional Cr/Au lift-off process after removal of the SiO 2 layer for the WPG structures in 
Experimentally Observed Transport Characteristics of SETs
Conductance oscillation characteristics of single-dot SETs
We fabricated and characterized the transport of the single-dot SETs in Fig It is also noted in Fig. 4 The mechanism for this phenomenon is not clear at present. The possibility of malfunction of the measurement equipment (HP 4156A semiconductor parameter analyzer) was ruled out. One possible mechanism is the charging of surface states or bulk trap states in the depletion layer which are charged at a particular gate bias. Since the devices have high resistances (10~100 MΩ), the charging effect remains unscreened at low current levels and effectively produces an offset voltage to the drain bias. Since this phenomenon seems to be a general phenomenon in semiconductor SETs, further investigation is obviously necessary to determine its mechanism and means of its removal.
Conductance oscillation characteristics of multiple-dot SETs
Simplified Theoretical Analysis and Interpretation of Experiment Results
Simplified theoretical analysis of single-dot SET
We Table I .
Formation of a quasi-elliptic dot is clearly seen. The calculated dot size and charging energy as a function of V GM are shown in Fig. 8(a) . The dot size was calculated based on the assumption that the area of the dot equaled the area of a circle of radius R. The dot capacitance C Σ was estimated using C Σ =8εR, where ε is the permittivity. 12) It was found that the dot size reaches 20 nm and then the charging energy reaches 10 meV by control of V GM . However, this energy is about 4 meV larger than the experimental result. A possible reason for this is that the tunnel barrier becomes large when V GM greatly decreases and electron tunneling becomes impossible before the dot size is reduced to such a small size.
Peak intervals of the conductance oscillation for the single-dot SET were also simulated using the 3D potential calculation. The peak interval ∆V G =V G(n+1)-th -V G(n)-th was calculated semi-classically using
where n is an integer, e is the element charge of a electron and C G is the differential gate capacitance. C G is given by
where n e is the number of electrons in the dot. n e is counted classically by applying the 3D density of states. The gate voltage that satisfies eq. (1) gives the n-th conductance peak. The relationship between ∆V G and peak number, j, from the experiment and theory for a single-dot SET (device C) is shown in Fig. 8 
(b).
Reasonably good semi-quantitative agreement was obtained between the theoretical and experimental results. However, some irregularity was seen in the experimental data. This indicates that the effect of quantization energy due to electron confinement is revealed even when d F =400 nm. Such irregularity seems to occur when the quantized energy state that the electron passes changes.
Additional investigation, including self-consistent analysis of the quantum mechanical effect and electrical potential, is needed for full understanding of the experimental results.
Interpretation of conductance oscillation of multiple-dot SETs
Double-dot IPG SET
We observed two different behaviors of conductance oscillation in the double-dot IPG SET. This difference indicates that the transport mechanism changes with the change in the finger gate bias condition, which seems to correspond to the two models in Fig. 9 for the conductance oscillation of double-dot SETs. Figure 9 (a) schematically shows the classical capacitive charging model for peak splitting due to interdot coupling in a double-dot SET. 2) This model is applicable when the charging energy U is larger than the quantized energy ∆E due to electron confinement. Each zero interdot coupling eigenstate with a definite particle number N on each dot gives rise to a parabola. The center parabola which corresponds to the condition that an odd number of electrons are in the system as indicated by (N,N+1) or (N+1,N) in Fig. 9 (a) is shifted down by interdot coupling. Then the degenerated states are split and the conductance peak splits into a doublet peak. This model can explain the doublet peaks in Fig. 5(a) .
On the other hand, when the quantized energy is larger than the charging energy, the transport mechanism changes and the conductance oscillation is dominated by quantized energy due to electron confinement and the conductance peak position is corrected by the charging energy, as shown in the model in Fig. 9(b) . 3-5) In the two-dot system, quantized eigenstates due to electron confinement are degenerated in each quantized level. The number of degenerated states equals the product of the number of dots and spin degeneracy, so this system can be treated as a virtual one-dot system having 4-fold degenerated states at each quantized level, as shown in Fig. 9(b) . The degenerated eigenstates in the dot are separated by interdot coupling energy T and charging energy U. Therefore, in the double-dot device, the conductance peak from each quantized level splits into 4-pair peaks, which explains the result in Fig. 5(b) .
From the gate bias condition, the dot size in Fig. 5 (a) was expected to be smaller than that in Fig. 5(b) . 13) Then, it seemed that the quantized effect was more dominant in Fig. 5(a) . However, as shown in Fig. 8(a) , when the dot becomes sufficiently small, it is possible that the charging energy becomes larger than the quantized energy. Thus, the oscillation characteristics in Fig. 5(a) are dominated by the charging effect and the behavior is close to that expected from the classical model in Fig. 9(a) . The shift of each peak in the pair observed in Fig. 5(b) was not monotonous with the change of V GF2 , which corresponds to a decrease in the tunneling probability. On the other hand, it was reported that the interdot coupling energy T also depended on the dot size, and indicated that T increased with a decrease in dot size. 3) In the present double-dot SET structure, the dot size was also changed by a decrease in V GF2 . Therefore, the observed behavior of peak positions seemed to be possible because the position of each peak was determined by the balance between U and T. 3-5)
3, 18 and 37-dot WPG SETs
In the present 3, 18 and 37-dot WPG SETs with the structure shown in Figs. 1(e) and 1(f), d F were as narrow as 130~170 nm. And since these devices did not have main gates to control the effective wire width, the dot size could not be smaller than those for the present single-and double-dot IPG SETs. Thus, in the case of the present 3, 18 and 37-dot WPG SETs, ∆E is expected to be larger than U. The grouping of conductance oscillation peaks in the 3-dot SET is considered to be brought about by the situation that the quantized energy is greater than the charging energy. In this case, based on the model in Fig. 9(b) , the 3-dot system can be treated as a one-dot system having 6-fold degenerated states. The degenerated states are separated by charging energy and interdot coupling, which results in 6 peaks in one quantized level, as shown in Fig. 10(b) . The nearly identical amplitudes of the peaks in each group indicates that the transition probability depends strongly on the quantized energy level as schematically shown in Fig. 10(b) . The difference in the dot to lead transition probability for each quantized level seems to cause this situation.
For detailed analysis of the oscillation behavior of multiple-dot WPG SETs when ∆E>U, we estimated the peak separation due to interdot coupling and charging effects by the Hubbard model. 3-5) The exact solution of the Hamiltonian shows that conductance peaks from one quantized energy level have two groups separated roughly by U which correspond to the Hubbard band, and each group contains a number of peaks separated by interdot coupling equal to the number of dots, when U>T. 4) Therefore, we have only to solve the next equation to estimate peak separation by the interdot coupling effect, assuming U>T,
where E is the eigenenergy and E n is n-th quantized energy. The number of columns and rows in the matrix given by eq. (3) corresponds to the number of dots in an array. For example, all of the eigenstates including the charging energy U become E=E n ±T, E n +U±T for the two-dot system and E=E n , E n ±T 2, E n +U, E n +U±T 2 for the three-dot system.
From the observed Coulomb gap and the potential simulation of the 3-dot SET, the charging energy is estimated to be about 1~2 meV. Interdot coupling energy can be estimated using T~4h 2 /m * d 2 , where m * is the effective electron mass and d is the dot size. 3) T is estimated to be about 0.3~0.4 meV for the 3-dot SET. These estimated values can explain the nearly equal spacing of the fine peaks in the conductance oscillation of the 3-dot SET. The calculated peak separation by the interdot coupling and charging effect from one quantized energy level is shown in Fig. 11 for various numbers of dots, assuming U:T=1:0.4. As shown in this figure, the larger the number of dots becomes, the narrower the separation of peaks becomes with the same interdot coupling energy. The peak separation can be observed when the peak interval is larger than thermal broadening. When T is 0.3~0.4 meV, it is found that the peak separation can be observed within a few Kelvin for the 3-dot SET, but not for the 18-and 37-dot SETs. Therefore, when the number of dots in a multiple-dot SET increases, the fine peaks due to interdot coupling are smeared out and conductance oscillation may be simplified compared to that of the 3-dot SET. However, if we can control the interdot coupling and charging energy of each dot independently, it will be possible to observe a more interesting peak separation behavior in the conductance oscillation of multiple-dot SETs.
Conclusion
Single-dot and multiple ( 
